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Abstract 
Nanostructured CoCu granular alloys have been prepared by chemical reduction method using NaBH4 as a reducing agent and 
characterized by inductively coupled plasma optical emission spectroscopy (ICPOES), x-ray diffraction (XRD) and transmission 
electron microscopy (TEM) studies.  Zero-field cooled and field cooled (ZFC/FC) magnetization study shows a blocking 
temperature distribution resulting from particle size distribution which is a characteristic of superparamagnetism. Magnetization 
study reveals that at low Co concentration, the alloy particles are superparamagnetic. At higher Co concentration the magnetization 
is combination of ferromagnetism (FM) and superparamagnetism (SPM). The coercive field is independent of Co concentration. 
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1. Introduction 
The discovery of giant magnetoresistance (GMR) in magnetic thin films and subsequently the observation of GMR 
in small granular systems of Fe, Co, and Ni and their binary alloys with Cu, Ag or Au matrices generated a great 
interest to study such binary alloys [1,2,3]. In addition to its fundamental importance there are various practical 
applications of nanostructured material in magnetic recording media, nanosensonrs and biomedical field. Physical 
property depends on the size of an object if the size is comparable to the dimension which is relevant to that property. 
In magnetism a typical size of magnetic domain is 1 μm and particles smaller than this will be monodomain. The 
energy of such magnetic nanoparticle system  is generally dependent on the  magnetization direction. The equilibrium 
magnetization direction which is called easy direction is separated by  energy barriers. These energy barriers  depend 
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on particle volume and crystalline  structure of the materials. Therefore, at any temperature there is a critical  size 
below which thermal excitations are sufficient to overcome such barriers and to rotate the particle's easy magnetization 
direction randomly and thus demagnetizing the assemblies of such particles. Such phenomenon is known as 
superparamagnetism. The superparamagnetic behavior of nanoparticles strongly  depend on particle volume 
distribution, type of interparticle interaction, disorder and surface effects. Different models have been proposed in 
order to explain the experimental results of such superparamagnetic system.  
We have prepared CoCu granular alloy by chemical reduction method. Samples are characterized by various 
experimental techniques, such as, x-ray diffraction, inductively coupled plasma optical emission spectroscopy 
(ICPOES) and transmission electron microscopy (TEM). Magnetization measurements have been performed in 
ZFC/FC condition using SQUID-vsm. We have studied the temperature dependence and concentration dependence of 
Co on the magnetic properties of CoxCu1-x alloys. 
 
2. Experimental  details 
CoCu granular nanoparticles were prepared by borohydride reduction of CoCl2 and CuCl2 solutions with CTAB 
as the capping agent [4,5]. XRD measurement done by Rigaku TTRAX-III x-ray diffractometer using Cu KĮ radiation. 
ICPOES studies were performed with the spectrometer Thermo Fisher Scientific iCAP-6500. Magnetization 
measurements at 4-300 K were carried out using a Quantum Design SQUID-vsm with a maximum applied magnetic 
field of 7 T. TEM studies were performed using a FEI Tecnai20 (200 kV) Transmission Electron Microscope. 
3. Sample preparation and Characterization 
3.1. Sample preparation 
  Distilled water was boiled for few minutes to remove oxygen. CoCl2,6H2O (Alfa Asear) and CuCl2, 2H2O (Merck) 
mixed in 30 ml aqueous solution as the metal  ion concentration in the solution was 0.5 M. 0.1 mM CTAB (Sigma)  
added in the salt solution as a surfactant. A 15 ml 2.8 M aqueous solution of NaBH4 (Merck) was added drop-wise 
from a burette to the salt solution. Ice bath was used for controlling the temperature near room temperature. The 
solution was continuously stirred by magnetic stirrer during the reaction. The total sample preparation procedure was 
performed in glove box in N2 atmosphere. The reduction reaction could be expressed as the following chemical 
equation, 
 
CoCl2 + CuCl2 + NaBH4  ĺ CoCu + NaCl + NaBO2 + H2O. 
 
The black precipitate was washed several times with distilled water and acetone in a glove box in N2 atmosphere, and 
finally dried in vacuum at room temperature. To prevent oxidation small pellets are used in XRD. TEM studies were 
performed with sonicated samples.  
3.2. ICPOES measurements 
ICPOES (Thermo Fisher Scientific iCAP-6500) was used to determine the elemental composition of the samples. 
ICPOES studies were performed with microwave digested samples in Suprapure HNO3. In this measurement, the 
characteristic optical wave lengths used were Co-238.8 nm, Cu-324.7 nm and Cu-327.3 nm. The desired chemical 
compositions (Co-D and Cu-D) and obtained compositions (Co-O and Cu-O ) of cobalt and copper from ICPOES 
measurements for samples S1-S8 are given in the following Table 1. 
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Table 1.The desired and obtained chemical compositions of cobalt  and copper  in wt. % of samples S1-S8. 
Sample Co-D Co-O Cu-D Cu-O 
S1 1 1.03 99 98.97
S2 3 2.91 97 97.09
S3 5 4.91 95 95.09
S4 7 7.71 93 92.29 
S5 10 9.69 90 90.31
S6 15 14.03 85 85.97
S7 20 19.97 80 80.03
S8 30 31.26 70 68.74
 
3.3.  XRD analysis 
XRD pattern of sample S3, S4, S6, S8 are shown in Fig. 1. XRD pattern shows diffraction peaks coming only from 
fcc Cu phase and none from the hcp cobalt phase. There is a clear  broadening in XRD peaks of the samples S1-S8 
w.r.t bulk Cu indicating formation of nanostructed samples. In all samples there is a small amount of Cu2O as impurity. 
The particle sizes shown in Table 2 are calculated from Williamson-Hall method [6] in which the broadening (β) of 
XRD peaks has two contributions, viz., one from strain broadening and the other from size broadening.  The total 
broadening can be written as,  
2
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where, c, ε, and K are constants, Ȝ is the characteristic wave length of the incoming x ray and D is the particle size. 
From the linear plot of ȕ2cos2ș versus sin2ș we calculate the particle size D (nm)  from the intercept (KȜ/D)2 given in 
Table 2. 
 
 
Fig. 1.  X ray diffraction pattern of samples S3, S4, S6, S8 and Cu bulk metal. 
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3.4. TEM  analysis 
The result of TEM observations of S1is shown in Fig. 2. The diameters of the isolated particles were manually 
measured from TEM micrographs and plotted as histograms.  The size distributions thus obtained were fitted with the 
following lognormal equation (Eq. 2), as also shown in Fig. 2. 
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The average particle size from TEM studies is in the range 8-18 nm. A slightly higher particle size have been obtained 
from analysis of XRD peak broadening.  
Table 2.Particle size of samples S1-S8 calculated from XRD analysis and from TEM analysis, and distribution width (ı) 
from TEM analysis. 
Sample <D> (nm) 
(XRD) 
<D> (nm) 
(TEM) 
ı 
S1 15 8 0.12
S2 31 13 0.13
S3 20 -- 0.14
S4 20 -- 0.15
S5 10 8 0.15
S6 14 10 0.14
S7 21 13.5 0.16 
S8 18 18 0.16
 
 
 
Fig. 2. (a) Transmission electron micrograph of sample S1; (b) particle size histogram of same sample. 
4. Magnetization measurements 
In zero-field cooled and field cooled (ZFC/FC) magnetization have been measured at a field of 10 mT from 4-300 
K. At these conditions, S1 shows identical paramagnetic behavior in both ZFC and FC conditions. For other samples 
S2-S8, the ZFC/FC magnetization shows a clear branching and a maximum in ZFC at a temperature TB, the so-called 
blocking temperature. ZFC and FC magnetization curves bifurcate at a certain temperature, TP, higher than TB [7,8]. 
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The samples S2-S8 are superparamagnetic (SPM) above those bifurcation temperatures. For S5, S7 and S8, the 
branching occurs near 300 K, and so for these samples superparamagnetic part and blocked part coexist up to room 
temperature. Fig. 3 shows the ZFC/FC magnetization of the samples S1 and S6. The samples S2-S8 are characterized 
by blocking temperature distributions which represent variations in particle size and inhomogeneities of their chemical 
compositions [9]. The derivative of the difference between ZFC magnetization (MZFC) and FC magnetization (MFC), 
or, more appropriately, d[(MZFC-MFC)/MS]/dT, where MS is the saturation magnetization in FC condition, represents 
the number of particles whose blocking temperature falls into the range of the given temperature.  
To obtain thermo-remanent magnetization (TRM), the sample was cooled down to 4 K in presence of 5 T magnetic 
field, followed by magnetization measurements at increasing temperatures. At each temperature, the sample was 
subjected to the same magnetic field for 60 s; the field was then switched off and after a waiting time of tW ~ 100 s the 
remanent magnetization, which is the sum total of the magnetic moments that are still blocked at that temperature, 
was measured. TRM is expressed as MTRM/MS, normalized by the value of magnetization at 4 K. It reflects the 
probability of finding a SPM cluster with a blocking temperature (TB) higher than the measurement temperature. Fig. 
4 shows the blocking temperature distribution  and thermo-remanence  magnetization  of sample S2.  
 
 
Fig. 3. (a) Temperature dependence of ZFC/FC magnetization of sample S1; (b) Similar for sample S6. 
 
 
 
 
Fig. 4. (a) Thermo remanence magnetization of sample S2; (b) Blocking temperature distribution of sample S2. 
 
 
All samples except S1 exhibit hysteresis loops at 4-300 K, in ZFC condition in the magnetic field range of 0-7 T. For 
S1 there is no hysteresis loop even at 4 K, and the field dependence of magnetization shows superparamagnetic 
 Susmita Dhara et al. /  Physics Procedia  54 ( 2014 )  38 – 44 43
behaviour (Eq. 4 below). But for all other samples, S2-S8 the field dependence of the magnetization exhibit  hysteresis 
loops at all temperatures 4-300 K. At 300 K the hysteresis loops are small with a coercive field around 10-25 Oe. But 
as we decrease the temperature the hysteresis loops become larger with a coercive field around 330-420 Oe at 4 K. 
The field dependence of magnetization at 4 K were theoretically fitted using a combination of  ferromagnetic (FM) 
and superparamagnetic (SPM) contribution using the following equation [10] 
 SPMFM HMHMHM )()()( +=  
where M(H)FM and M(H)SPM are the ferromagnetic and superparamagnetic contribution. in magnetization and are 
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 where HC is the coercive field and S is squareness ratio (S=MRFM/MFMS) of the ferromagnetic loop. The magnetization 
of SPM part, under assumption of weak interaction between SPM particles can be described by a Langevin function, 
i.e., 
KT
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  MSFM and MSSPM are the saturation magnetization for FM and SPM parts, in terms of magnetic moment per Co atom. 
MRFM is the remanence, HC, the coercivity, and  μ the average magnetic moment of SPM particles or clusters. K and 
T have their usual meaning. The values of HC and MRFM were obtained from experiment. The various parameters 
obtained from fitting  are given in Table 3. 
The above analysis shows that for samples S2-S8 the magnetization is a combination of ferromagnetism and 
superparamagnetism at all temperatures. Moreover, ferromagnetic component increases with Co concentration as also 
the saturation magnetization and remanence magnetization of FM part. But the coercive field is independent of Co 
concentration. Such analysis at different temperatures show that at low temperature a larger contribution comes from 
ferromagnetic part. But as temperature is increased, the ferromagnetic part reduces and superparamagnetic 
contribution becomes stronger.  
Table 3. Saturation magnetization (MSFM) for FM  and  SPM (MSSPM)  part,  remanence magnetization (MRFM) and coercive 
field (HC) at 4 K of samples S1-S8. 
Sample MSFM 
(μB/Co)† 
MSSPM 
(μB/Co) 
MRFM (μB/Co) HC (Oe)
S1      - 1.310    -   -
S2 0.07 0.48 0.030 390
S3 0.08 0.40 0.036 420
S4 0.08 0.38 0.020 330
S5 0.13 0.225 0.076 410
S6 0.12 0.225 0.073 420
S7 0.20 0.360 0.102 340
S8 0.18 0.200 0.103 320
 
 
 
 
†  Bohr magneton  per Co atom 
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Fig. 5. (a) Field dependence of magnetization at 4 K of S6. Experimental data are shown by open circles (blue) and the fitted lines are shown 
as the FM (pink dot), the SPM (green dash) and their sum (red continuous line); (b) Expanded low field region of Fig. 5(a).  
 
5. Conclusion 
CoCu granular nanoparticles prepared by borohydride reduction. Average particle size from XRD is 20 nm and 
from TEM 8-18 nm. At low Co concentration the sample is entirely superparamagnetic but at high Co concentration 
the sample magnetization is combination of superparamagnetism and ferromagnetism. It is clear from the above results 
that in samples S2-S8, there is a FM part growing in size with Co content, together with a SPM part. As S2-S8  have 
the same fcc structure with almost identical FM components independent of Co concentration, there is a possibility of 
occurrence of a Co rich core and Cu rich shell type structure.  
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